Abstract. Dengue virus circulation and association with epidemics and severe dengue disease were studied in hospitalized children with suspected dengue at the Queen Sirikit National Institute of Child Health in Bangkok, Thailand, from 1973 to 1999. Dengue serology was performed on all patients and viral isolation attempted on laboratoryconfirmed patients. Acute dengue was diagnosed in 15,569 children and virus isolated from 4,846. DEN-3 was the most frequent serotype in primary dengue (49% of all isolates), DEN-2 in secondary and in dengue hemorrhagic fever (37% and 35%, respectively). The predominant dengue serotype varied by year: DEN-1 from 1990-92, DEN-2 from 1973-86 and 1988-89; DEN-3 in 1987 and 1995-99; and DEN-4 from 1993-94. Only DEN-3 was associated with severe outbreak years. Our findings illustrate the uniqueness of each serotype in producing epidemics and severe disease and underscore the importance of long-term surveillance of dengue serotypes in understanding the epidemiology of these viruses.
INTRODUCTION
Dengue virus (DV) is the causative agent of dengue fever (DF) and dengue hemorrhagic fever (DHF) and consists of four distinct serotypes (DEN-1, DEN-2, DEN-3, and DEN-4).
1,2 DHF, the potentially fatal form of dengue virus infection, was first recognized in Bangkok, Thailand, in 1958. [3] [4] [5] Since then, dengue disease incidence has increased from 9/100,000 in 1958 to 189/100,000 in 1998, with the largest reported incidence of 325/100,000 in 1987. 6 Dengue has thus become a severe and intractable public health problem in Thailand. 7 Bangkok is the epicenter of dengue in Thailand and the site where the original clinical descriptions of DHF and its association with immunologic priming by a previous dengue infection (secondary dengue infection) were made. 3, [8] [9] [10] [11] The Queen Sirikit National Institute of Child Health (QSNICH), formerly Bangkok Children's Hospital, has admitted the greatest number of dengue cases for 40 years because it is government-financed, accessible to all, and a widely recognized center of excellence. Since 1973, the QSNICH and the Armed Forces Research Institute of Medical Sciences have collaborated to conduct longitudinal surveillance of dengue in Bangkok. In this report, we present the results of that collaboration to illustrate the long-term circulation and associations with disease severity and large epidemics of the four dengue virus serotypes.
MATERIALS AND METHODS
Study design and sites. The QSNICH is located in Bangkok, Thailand, and is a Ministry of Public Health tertiary care facility with 538 beds. There is a hemorrhagic fever unit with 15-20 beds and a short-term observation unit with approximately 20 beds.
From 1973, children younger than 18 admitted with suspected dengue had acute and convalescent sera obtained for serology and virus isolation. The attending physician assigned DHF grade at the time of discharge using World Health Organization (WHO) criteria. 12 Statistical analysis was performed using SPSS for Windows version 10.0 (SPSS Inc.).
Moderate to severe annual dengue epidemics. The national annual dengue incidence surveillance was used to classify each year's epidemic as moderate, or severe 6 ( Table 1) . Dengue incidence per 100,000 was ranked into percentiles; the 50th was 71, the 75th was 134, and 90th was 175. Annual epidemics with an incidence ranging from the 75th to 90th percentile were classified as moderately severe, and those greater than the 90th percentile as severe. Accordingly, there were moderately severe epidemics in 1984, 1985, 1989, 1990 , and 1997, and severe epidemics in 1987 and 1998. Changes in laboratory methodology over time. Dengue and DHF cases were diagnosed by a number of different virus isolations and/or serologic methods from 1973 to 1999 (Table 2) .
Serologic definitions of acute dengue virus infection.
A case without dengue antibody in acute and convalescent sera or stable antibody titers without a 4-fold rise was classified as having no evidence of recent dengue virus infection. Acute Incidence  per 100,000   1973  8,280  21  1987 †  174,285  325  1974  8,160  20  1988  26,926  49  1975  17,767  42  1989*  74,391  134  1976  9,616  22  1990*  92,005  163  1977  38,768  88  1991  43,511  77  1978  12,547  28  1992  41,125  71  1979  11,478  25  1993  67,017  115  1980  43,328  92  1994  51,688  88  1981  25,670  54  1995  60,330  102  1982  22,250  46  1996  37,929  63  1983  30,025  61  1997*  101,689  167  1984*  69,101  137  1998 †  129,954  211  1985*  80,076  155  1999  24,826  40  1986 27,837 53 primary or secondary dengue virus infection was based on previously published serologic criteria. 13 Acute dengue virus infections unclassifiable as primary or secondary were classified as indeterminate.
Statistical analysis. Statistical analysis was performed using SPSS for Windows version 10.0 (SPSS Inc.). Student's t test, analysis of variance, and Pearson's correlation or linear regression are used to determine differences or associations among continuous variables, and 2 or binomial test for proportions. Backward logistic regression was used to assess the independent influence of a number of factors on dengue disease severity.
RESULTS
From 1973 to 1999, there were 15,376 patients (773 infants and 14,603 older children) with laboratory-confirmed acute dengue virus infection. Infants represent a unique population at risk for severe dengue disease. 14, 15 Therefore, their demographics and disease outcome are discussed separately, and unless stipulated, subsequent data refer to results from patients 12 months or older.
Specificity of clinical diagnosis. There was no correlation between year and the number of laboratory-confirmed acute dengue cases of all hospitalized suspected dengue, suggesting that changes over time were not due to changes in hospital admission criteria. There was a correlation between the reported national annual disease incidence and the specificity of diagnosis of children diagnosed as suspected dengue by clinical criteria in our series (r ‫ס‬ 0.424, P ‫ס‬ 0.028). This suggests that the clinical criteria for acute dengue infection were unchanged and that the likelihood of a child's having acute dengue depended on the incidence of disease in the population. Dengue virus isolation rates. The dengue virus isolation rate was calculated as the number of isolates divided by the number of dengue cases. No more than one dengue serotype was recovered per patient, in contrast to other reports. 16 The overall isolation rate in children was 33% and increased during the study period (␤ ‫ס‬ 0.84, P < 0.0001 by linear regression) from 21% in 1973 to a peak of 57% in 1998 (Figure 1 ).
Annual and seasonal occurrence of dengue and dengue serotypes. There was a strong correlation between the total number of QSNICH dengue cases and the dengue incidence in the metropolitan Bangkok area (r ‫ס‬ 0.90, P < 0.0001, Figure 2 ) and the nation (r ‫ס‬ 0.852, P < 0.0001). 6 Dengue in Bangkok peaks during the monsoon months of June to October (Figure 3 Patient demographics. The mean age of patients with dengue was 7.6 years (range 1.1 to 17 years, SD 3.4 years). Mean age for any year varied less than 1 ⁄2 SD from the overall mean, with a small increase in mean age over time (␤ ‫ס‬ 0.49, P ‫ס‬ 0.01 by linear regression). The overall modal age was 6 years, which also increased over time from 5 years during 1973-79 to 8 years during 1990-99 (␤ ‫ס‬ 0.50, P ‫ס‬ 0.008 by linear regression). There were proportionately more males (52%) than females (48%) (P < 0.001 by binomial test).
Antibody response patterns. Of all dengue virus infections, 16% were primary dengue infection ( Table 3 ). The proportion with primary dengue increased over time with a 3-to 4-year cyclical oscillation in the rate of primary dengue (Figure 4) (␤ ‫ס‬ 0.67 by linear regression, P < 0.0001). The mean age of children with primary dengue was 6.6 years (SD 3.5) compared with 7.8 years (SD 3.3) for secondary dengue (P < 0. 001, 2-tailed Student's t test).
Dengue virus serotypes by antibody patterns. DEN-3 was the most frequent isolate in primary dengue (49%), followed by DEN-1 (44%), DEN-2 (5%), and DEN-4 (2%) ( Table 3 ). There was a correlation between the yearly proportion of primary dengue cases and the isolation of DEN-1 (R ‫ס‬ 0.5, P ‫ס‬ 0.0007 by Pearson correlation) but no other type, suggesting that Bangkok DEN-1 strains were especially pathogenic among children without immune priming from prior flavivirus infection.
DEN-2 was the most frequent isolate in secondary dengue FIGURE 2. Armed Forces Research Institued of Medical Sciences serologically confirmed dengue cases and ministry of public health reported incidence for Bangkok, Thailand EPIDEMIOLOGY OF DENGUE IN BANGKOK, THAILAND (37%) followed by DEN-3 (29%), DEN-1 (22%), and DEN-4 (12%). There was a correlation between the yearly proportion of secondary dengue cases and the isolation of DEN-2 (R ‫ס‬ 0.5, P ‫ס‬ 0.004 by Pearson correlation) but no other type, suggesting that Bangkok DEN-2 strains were more pathogenic among children with immune priming from prior flavivirus infection. Overall, DEN-4 was isolated more often from secondary dengue cases (12%) than primary (2%) (P < 0.0001, 2 ). DEN-3 was the most frequent isolate among combined primary and secondary cases, suggesting that Bangkok strains combined pathogenicity attributes of DEN-1 and DEN-2.
Factors associated with severe dengue outbreak years. DEN-1, DEN-2, or DEN-3 was the dominant isolate during moderately severe dengue outbreak years. In contrast, only DEN-3 was the dominant isolate in the two severe outbreaks. These data further suggest that Bangkok dengue strains have differing ability to elicit severe disease and that DEN-3 has been the most successful.
Dengue antibody pattern and dengue disease severity. There were 2,396 children (16%) hospitalized with a diagnosis of DF and 11,731 (80%) with DHF (Table 4) . Of those with DHF, 16% were diagnosed with DHF grade I, 32% with DHF grade II, 45% with DHF grade III and 7% with DHF grade IV.
DHF was more likely to result from a secondary than a primary infection (odds ratio, 5.0; 95% confidence interval 4.5-5.6). DHF resulting from primary infection was milder: grade I (30% of all primary DHF), grade II (47%), grade III (22%), and grade IV (1.1%) (P < 0.0001 by 2 for linear trend). Secondary dengue DHF was associated with moresevere DHF: grade I (15% of all secondary DHF), grade II (31%), grade III (47%), and grade IV (7%) (P < 0.0001 by 2 for linear trend). The proportion of DHF due to primary infection varied yearly from a low of 1% in 1978 to a high of 14% in 1997 and has increased over time (␤ ‫ס‬ 0.61, P ‫ס‬ 0.001 by linear regression).
Dengue serotypes and dengue disease severity. The frequency of isolated dengue serotypes was examined by clinical severity (Table 4 ). DEN-3 was the most frequent isolate in DF patients (39% of all DF viral isolates) followed by DEN-1 (35%), DEN-2 (17%), and DEN-4 (9%). The frequency of isolated dengue serotypes differed between primary and secondary DF. DEN-3 and DEN-1 were the most frequent isolated dengue serotypes in primary DF (46% each of all primary DF viral isolates) followed by DEN-2 (6%), and DEN-4 (2%). DEN-3 was the most frequent isolated dengue serotype in secondary DF (34% of all secondary DF viral isolates) followed by DEN-1 (29%), DEN-2 (24%), and DEN-4 (13%).
Among DHF cases in children, DEN-2 was the most frequent isolate (35% of all DHF viral isolates) followed by DEN-3 (31%), DEN-1 (24%), and DEN-4 (10%). The frequency of isolated dengue serotypes differed between pri- EPIDEMIOLOGY OF DENGUE IN BANGKOK, THAILAND mary and secondary DHF. DEN-3 was the most frequently isolated dengue serotype in primary DHF (50% of all primary DHF viral isolates) followed by DEN-1 (44%), DEN-2 (4%), and DEN-4 (2%). DEN-2 was the most frequently isolated dengue serotype in secondary DHF (40% of all secondary DHF viral isolates) followed by DEN-3 (28%), DEN-1 (20%), and DEN-4 (12%).
To eliminate the interactions among serologic status, severe dengue years, and dengue serotypes on the presence of DHF, backward logistic regression analysis was used to assess the independent influence of each variable. The overall case-fatality for all years was 0.5%. The peak case-fatality rate was 1.6% during the 1987 severe outbreak. Overall, there was a gradual but not significant decline in case-fatality, with a rate of 0.2% during the last 5 years of the study (␤ ‫ס‬ -0.19, P ‫ס‬ 0.33 by linear regression). Case-fatality for primary and secondary dengue did not differ (0.6% and 0.4% respectively, P ‫ס‬ 0.27 by 2 ) and was similar also among serotypes.
Dengue in infants. From 1973 to 1999, there were a total of 773 infants with acute dengue virus infection ( Table 5 ). The mean age was 7 months (range 1-12 months, SD 2.4 months) with a modal age of 6 months and an equal representation of males and females (51% and 49%, respectively). The peak number of cases occurred from 6-8 months of age ( Figure 5 ). The total case-fatality among infants with confirmed acute dengue was 11/773 (1.4%) and was greater than the 0.5% case-fatality for all years in children (odds ratio 3.1, 1.5<OR<6.1, P < 0.0001). No trend was noted between year and case-fatality, with only 8 years having deaths from acute dengue.
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DISCUSSION
Based on our results, we have demonstrated the following: All four dengue serotypes circulate continuously in Thailand, with one serotype emerging as the cause of each periodic moderate-to-severe epidemic. Each dengue virus serotype has characteristics that influence the nature of dengue epidemic and disease severity. DEN-1, 2, and 3 are associated with moderately severe dengue epidemic years but only DEN-3 with severe dengue years, suggesting that DEN-3 may possess viral characteristics different from those of the other dengue serotypes that result in large epidemics. DEN-2 and DEN-3 are associated with severe dengue disease, DHF, whereas DEN-4 is found primarily in secondary dengue. DEN-4, unlike the other dengue serotypes, may require preexisting heterotypic dengue antibody for replication or to produce clinically apparent disease. Severe dengue disease in our series results from a combination of several independent contributing factors including serologic status, severe outbreak years, and the circulating dengue serotype.
Our findings extend the early observations of dengue transmission in Thailand and illustrate the constancy in dengue disease severity and serotypes over time despite an increase in overall disease incidence and virus transmission. In 1962, all four dengue serotypes were isolated in the Bangkok area and associated with the occurrence of severe dengue disease. [17] [18] [19] Our observations extend these observations by demonstrating the dramatic periodic shifts in the occurrence of the predominant dengue serotype over time.
Multiple factors influence dengue transmission, the cycle of epidemics, and the emergence of new dominant serotypes. Vector density and infection rates reflect access to breeding sources and environmental temperature changes due to urbanization and the El Nino phase of the Southern Oscillation. [20] [21] [22] [23] Herd susceptibility/immunity and other intrinsic population characteristics are additional factors that presumably influence the emergence of new serotypes and drive high disease rates that create epidemics. 24, 25 The finding that the yearly proportion of primary dengue cases is correlated to the isolation of DEN-1 and no other dengue serotype suggests that Bangkok DEN-1 strains were more pathogenic among children without immune priming from prior flavivirus infection. The occurrence of more DEN-1 over time may in part explain why the proportion of hospitalized children with primary dengue has increased in our population. Our findings with DEN-1 illustrate the fact that each serotype has unique characteristics manifested in how the disease presents in the population.
Infants represent a unique susceptible population for severe dengue disease. The study of dengue in this group has led to many of our current theories on dengue pathogenesis, maternal antibody, and dengue antibody enhancement. 14, 15, 26, 27 Our series demonstrated that case-fatality among infants with confirmed acute dengue was three times greater than that of other children. This may reflect the susceptibility of this population toward complications that arise from plasma leakage and shock syndrome. This may be due to the small amount of volume reserve that exists in infants when plasma leakage occurs, under-recognition of potential DHF in febrile infants, or overtreatment with aggressive volume replacement when volume depletion occurs. The isolation of DEN-2 and DEN-3 as the most frequently isolated virus in infants, as it is for secondary dengue infection in other children, suggests that the characteristics of these viruses in producing severe dengue disease in the host relies more on the presence of heterotypic dengue antibody than immunologic priming of cellular or T-cell immunity.
This frequency of dengue serotype isolation is summarized for all years as DEN-3 > DEN-2 > DEN-1 > DEN-4; for primary dengue, as DEN-3 > DEN-1 > DEN-2 > DEN-4; for secondary dengue, as DEN-2 > DEN-3 > DEN-1 > DEN-4; for all DF patients, as DEN-3 > DEN-1 > DEN-2 > DEN-4; and for all DHF, as DEN-2 > DEN-3 > DEN-1. The high degree of correlation of DEN-1 and DEN-2 isolation rates, and its absence with DEN-3, with primary and secondary dengue suggests a propensity of these serotypes to associate with these serologic responses. Our results also indicate that DEN-4 is unusual in that it is the least frequently isolated serotype in any dengue disease state and is not associated with severe dengue outbreaks, and that 97% of isolates are from secondary dengue infections. These observations underscore the importance of viewing each dengue serotype as a separate virus that has evolved with its own unique viral characteristics and propensity to produce disease in the presence or absence of heterotypic dengue antibody.
Examination of severe dengue disease, DHF, in our series demonstrates that it is primarily a condition of secondary dengue infection, with primary DHF in children associated with milder disease. Dengue serotype isolation and dengue disease severity demonstrate that for children with DF, DEN-3 > DEN-1 > DEN-2 > DEN-4, and for children with DHF, DEN-2 > DEN-3 > DEN-1 > DEN-4.
Over time, there was a subtle change in the demographics of children with hospitalized dengue, with a slight increase in mean age from 7.4-7.8 years and an increase in the modal age from 5 years in 1973 to 8 years in 1999. There also was an increase in the percentage of hospitalized primary dengue over time. These findings suggest that children are getting dengue infection at a later age. These observed changes may be due to the overall improvement in the standard of living in FIGURE 5 . Age distribution of infants with dengue hemorrhagic fever and fatal dengue NISALAK AND OTHERS Thailand. Improved housing standards, screens on windows, and reduction of mosquito breeding containers around homes may all contribute to decreasing the intensity of potential exposure to dengue-infected mosquitoes in young children. Dengue infection occurs at an older age, though, as intensity of exposure to dengue-infected mosquitoes increases with greater exposure to the outside environment at home or school. Symptomatic dengue virus infection may be agedependant and produce more-severe disease in older children and thus might explain the observation that the proportion of hospitalized children with primary dengue is increasing.
Our results suggest that dengue serotypes and their isolation from a spectrum of serologic responses to dengue infection and disease severity is not a random event, and that specific dengue serotypes are more frequently isolated in specific dengue disease states. Our results demonstrate the complexity of the dengue virus transmission and its interaction with the host response, and have important implications in identifying factors to predict severe dengue years, developing interventions to control dengue outbreaks, and developing an effective dengue vaccine.
This longitudinal serotype-specific study of dengue virus over 27 years is unique for its long-term characterization of dengue serology, disease severity, and circulating dengue serotypes and serves as a surveillance model to be instituted by other countries faced with the growing threat of dengue virus infection.
